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Summary
Objective: Oxidative stress occurs when the metabolic balance of a cell is disrupted through exposure to excess pro-oxidant. Whilst it is known
that unregulated production or exposure to exogenous sources of pro-oxidants induces chondrocyte cell death and degrades matrix compo-
nents in vitro, relatively little is known of the effects of pro-oxidants on articular cartilage in situ. The objective of this study was to determine if
a single exposure to the pro-oxidant hydrogen peroxide (H2O2) induces a degenerative phenotype.
Methods: Articular cartilage explants were obtained from skeletally mature bovine steers and exposed to a single dose of hydrogen peroxide
(0.1e1.0 mM) and cultured for up to 21 days. Cell death, and sulfated glycosaminoglycan loss into the medium and gene expression were
quantitatively determined. Adoption of an abnormal chondrocyte phenotype was analyzed through the expression of 3B3(), nitrotyrosine
and procollagen type IIA epitopes in cartilage explants.
Results: Cell death occurred primarily at the surface zone of cartilage in a dose-dependent manner in H2O2 treated explants, and supplemen-
tation of standard serum-free medium with insulineseleniumetransferrin signiﬁcantly reduced cell death (>fourfold). Nitric oxide synthase-2
gene expression and proteoglycan loss increased in oxidant treated explants in a concentration-dependent manner. Antibody labeling to
3B3(), procollagen type IIA and nitrotyrosine was present in all treated explants but absent in untreated explants.
Conclusions: This study demonstrates that a single exposure to high levels of pro-oxidant causes the expression of genes and antibody epi-
topes that are associated with early degenerative changes observed in experimental osteoarthritis.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Oxidative stress is the disturbance in the equilibrium state of
pro-oxidant and antioxidant systems in cells and tissues1.
There is a growing body of evidence that overproduction
of reactive oxygen species (ROS) plays a pivotal role in pro-
moting articular cartilage dysfunction and degeneration2.
Hydrogen peroxide (H2O2) when present in excess is
thought to be a key mediator in the processes that damage
cells. Abnormal levels of H2O2 can be generated either ex-
ogenously, for example by neutrophils and macrophages
during acute inﬂammatory ﬂares in osteoarthritis (OA)3
and rheumatoid arthritis4, or produced endogenously by
chondrocytes following activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase5 generating su-
peroxide anions via a respiratory burst response that rapidly
dismute to form hydrogen peroxide6. Hydrogen peroxide
can diffuse over considerable distances and pass cell*Address correspondence and reprint requests to: Professor
Charles W. Archer, Ph.D., Cardiff School of Biosciences, Cardiff
University, PO Box 900, Museum Avenue, Cardiff CF10 3US,
Wales, UK. Tel: 44-292-0875206; Fax: 44-292-0874594; E-mail:
archer@cardiff.ac.uk
Received 13 March 2007; revision accepted 1 October 2007.
698membranes readily and, although H2O2 is a weaker oxidiz-
ing agent than superoxide, in the presence of transition
metals such as iron or copper it can give rise to the indis-
criminately reactive and toxic hydroxyl radical (OH

) by Fen-
ton chemistry7. Hydrogen peroxide can also directly modify
proteins through oxidation, for example, by creation of inter-
and intra-molecular linkages that disrupt cell signaling path-
ways and gene expression8.
Exposure of articular chondrocytes to sub-millimolar con-
centrations of H2O2 leads to inhibition of proteoglycan (PG)
synthesis9, apoptotic cell death10, lipid peroxidation11 and
PG degradation12. Speciﬁc production of H2O2 using intra-
articular injections of high doses of cationic glucose oxidase
into mouse knee joints results in irreversible cartilage dam-
age with extensive cell death characterized by the presence
of pyknotic nuclei, PG depletion and occasional osteophyte
formation13. The ineffectiveness of hydroxyl radical scaven-
gers in the latter disease model demonstrated that H2O2 it-
self was the key mediator of cartilage degeneration.
Relatively little is known of the cellular reactions of chondro-
cytes in situ to oxidative stress; whether chondrocytes are
more resistant to cell death than monolayer cultured cells,
whether they undergo phenotypic modulation, or, promote
cartilage destruction or repair. We quantiﬁed cell death,
and used antibodies to well-characterized markers of OA
disease to map their expression within adult bovine articular
699Osteoarthritis and Cartilage Vol. 16, No. 6cartilage explants following a single exposure to increasing
concentrations of H2O2 to simulate oxidative stress. Our re-
sults show that an in vitro model of oxidative stress may be
a useful tool in dissecting responses of articular cartilage to
injury that appear to mimic early events in disease.Materials and methodsCARTILAGE EXPLANT TISSUESMature (over 18-month-old) bovine hind limbs were obtained from an ab-
attoir (Ensors, Cinderford, UK) and were used in experiments on day of
slaughter. Full-depth explants (w1 cm2) were surgically excised from
cleaned and sterile metatarsophalangeal joints using no. 10 scalpel blades.
The average weight of explants was 27.9 5.7 mg (n¼ 24). All explants
used in this study were taken only from the medial groove of the medial con-
dyle. For all experiments, tissue from a minimum of three different animals
was used. Tissue integrity and morphology of each explant used in this study
were conﬁrmed by microscopic analysis of stained cryosections obtained
from explants. Osteoarthritic joints were obtained from the same source. Dis-
eased joints were ﬁrst classiﬁed through observation then by histological
analysis and scored using a modiﬁed 14-point Mankin scoring system14.TREATMENT WITH HYDROGEN PEROXIDEExcised explants were pre-cultured overnight in 12 well tissue culture
dishes (Corning, NY, USA) in 3 mL standard medium containing 10 mM
Hepes pH 7.4, 0.5 mgmL1 Gentamycin, and Dulbecco’s Modiﬁed Eagle
Medium-high glucose (4500 mg L1). Explants were then cultured in fresh
standard medium alone or supplemented with 10 mgmL1 insulin,
5.5 mgmL1 transferrin and 6.7 ngmL1 selenium (insulinetransferrine
selenium (ITS) without pyruvate; Invitrogen, CA, USA). The concentrations
of H2O2 used in this study were conﬁrmed by colorimetric analysis
15. We
found that 1 mM H2O2 was removed from the culture medium in a linear man-
ner as shown by the decrease in absorbance at 410 nm; after 12 h no detect-
able H2O2 remained
15. Treated explants were given a single dose of H2O2
the culture medium was changed after 12 h and every third day thereafter.QUANTIFICATION OF CELL DEATHTo detect cell death within the cartilage explants, ethidium homodimer-1
(Molecular Probes, OR, USA) was added to the medium at a ﬁnal concentra-
tion of 1 mM for 1.5 h. Following incubation, explants were washed in stan-
dard medium three times for 30 min duration to remove unbound dye, the
explants washed in phosphate-buffered saline (PBS) and then frozen in
n-hexane held in a dry iceeethanol cooled bath. Explants were mounted in
optimal cutting temperature (OCT) compound and a numbered series of
8 mm cryosections were obtained from the center of each explant. Sections
were ﬁxed using 4% paraformaldehyde and washed in trisesalineeacetate
buffer (TSA) and mounted under a coverslip with Vectashield (Molecular
Probes) containing 40,6-diamino-2-phenylindole (DAPI). The sections were
viewed using a BX61 ﬂuorescence microscope (Olympus, Tokyo, Japan).
Cell death data were obtained by counting the total number of cells (DAPI
positive) and then the dead cells (ethidium homodimer-1 positive) in full-
depth cartilage within 200 mm in the center of a section. Three sections,
100 mm apart, were used to obtain an average value from each explant
and ﬁve explants were used for each treatment. The total number of DAPI
positive nuclei and ethidium homodimer-1 positive nuclei was determined us-
ing the analySIS software package (Soft Imaging Systems, Mu¨nster,
Germany).NITRITE CONCENTRATION DETERMINATIONSeventy-ﬁve microliters of each medium sample were placed in triplicate in
a 96 well plate and to it an equal amount of modiﬁed Greiss reagent (Sigma,
Poole, UK) was added and the absorbance of the wells determined at 540 nm
using a plate reader. Sodium nitrite, 0e40 mM dissolved in culture medium
was used to produce a standard curve from which experimental values
were derived. The generated values were normalized by dividing each value
by the wet weight, in milligrams, of each respective explant. Explants for this
experiment were obtained from joints from three different animals.SULFATED GLYCOSAMINOGLYCAN (sGAG)
CONCENTRATION DETERMINATIONForty microliters of sample culture mediums were added to a 96 well plate,
followed by 200 mL of dimethylmethylene blue (DMMB) reagent16. Sharkchondroitin-6-sulfate (Sigma) dissolved at a concentration of 0e40 mgmL1
in culture medium was used to produce a standard curve to determine exper-
imental values. The ﬁnal values for sGAG concentrations were calculated by
dividing each value by the wet weight, in milligrams, of each respective
explant. All assays were performed in triplicate and explants from three dif-
ferent animals were used.RNA EXTRACTION AND POLYMERASE CHAIN REACTION (PCR)Cartilage explants were washed in PBS and then frozen in liquid nitrogen.
The frozen explants were then homogenized in the presence of 1 mL frozen
TRI Reagent (Sigma) using a Mikro-Dismembrator U (B. Braun Biotech
International, Melsungen, Germany) and RNA extracted. RNA was resus-
pended in diethylpyrocarbonate (DEPC)-treated water, treated with DNAse1
(Promega), and then quantiﬁed by UV spectrophotometry. Total RNA
(200 ng) was reverse transcribed using standard molecular biology protocols.REAL TIME QUANTITATIVE PCR (RTQ-PCR)Oligonucleotide primers and ﬂuorescence labeled probes were designed
to glyceraldehyde-6-phosphate forward 50-CAC TGT CCA CGC CAT CAC
TGC-30, reverse 50-GGG CCA TCC ACA GTC TTC TG-30 and probe
50-GCA TCG TGG AGG GAC TTA-30 and type II collagen forward 50-AAG
AAC CCT GCT CGC ACC T-30, reverse 50-AAA ACC TTC ATG GCG
TCC AA-30 and probe 50-TGG AAG AGT GGA GAC TAC TGG ATT GAC
CCC-30. RTQ-PCR was performed using an ABI Prism 7700 Sequence De-
tection System according to manufacturer’s instructions (Applied Biosys-
tems, Warrington, UK). The probe reporter dye used for the detection of
type II collagen and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was 6-carboxy-ﬂuorscein (FAM) quenched by 6-carboxy-tetramethyl-rhoda-
mine (TAMRA). SYBR Green quantitative PCR (QPCR) analysis of bovine
inducible nitric oxide synthase (iNOS), collagen type X and matrilin-1 gene
expression was performed using primers designed from the full-length se-
quence available from the Genbank nucleotide database (DQ676956,
NM_174634 and XM_589498, respectively) and an 18S primer set; collagen
type X forward 50-GCT GGA GCC ATA CCT GGT CG-30, reverse 50-GAT
GAG TAC ATC AAG GGC TAC CTG; matrilin-1 forward 50-CGG CGG
AAG ACC AGG TCA GTA GCC G-30, reverse 50-CCC TGA ACA GTG
ATG GCA AGA-30; iNOS forward 50-GAA GTA CAT GCA GAA TGA GTA
CCG-30, reverse 50-ACC AGC CAA ATC CAG TCA GC-30, 18S forward
50-GCA ATT ATT CCC CAT GAA CG-30 and reverse 50-GGC CTC ACT
AAA CCA TCC AA-30. PCR conditions for all primer sets were identical:
95C, 10 min-one cycle; 95C, 30 s; 53C, 30 s; 72C 30 s-40 cycles and
samples were run on an MX3000P thermal cycler (Stratagene, UK). Relative
quantiﬁcation of gene expression of the gene of interest normalized to con-
trol gene expression was determined using the DDCT method as described
by Livak and Schmittgen17. Data are represented as relative expression
levels compared to untreated controls and were obtained using the expres-
sion 2DDCT. Signiﬁcant differences were evaluated using one-way analysis
of variance (ANOVA) and post hoc tests made using the method of Bonfer-
roni. All samples were run in triplicate and the experiment was repeated twice
and PCR products were cloned and sequenced to conﬁrm their identities.IMMUNOHISTOCHEMICAL AND IMMUNOFLUORESCENCE
STUDIESCartilage explants were washed in PBS and then frozen in n-hexane
within a dry ice-ethanol bath. Explants were mounted in OCT compound
and 8 mm serial cryosections placed on HistoBond slides (RA Lamb, Sussex,
UK) and stored at 70C. Sections were defrosted, post-ﬁxed in 4% parafor-
maldehyde for 2 min, washed in tris-saline-acetate (TSA) and 0.1% Tween-
20 (TSA-T) twice for 5 min and then blocked using the appropriate serum at
a concentration of 10% in TSA-T. For collagen type II immunohistochemical
labeling, sections were ﬁrst digested with sheep testicular hyaluronidase
(1 mgmL1 in TSA for 30 min at 37C) following neutralization of endoge-
nous peroxidase activity. Primary antibody in TSA at the following concentra-
tions was added to the sections and incubated overnight at 4C; mouse
monoclonal 3B3() at 1:100 dilution, rabbit anti-human procollagen type
IIA at 1:400 dilution18 and mouse monoclonal anti-nitrotyrosine at 1:250 (Ab-
cam, Cambridge, UK). Sections were washed three times in TSA-T for 5 min,
then incubated in secondary antibody, either 10 min with universal biotiny-
lated antibody (Vectorlabs, Peterborough, UK) followed by a single TSA-T
wash and incubation with streptavidin/peroxidase complex in TSA-T for
5 min for immunohistochemical detection, or, incubation with goat anti-mouse
Alexaﬂor 488 (Molecular Probes) for 45 min followed by three TSA-T washes
for immunoﬂuorescent detection. For immunohistochemical detection of
procollagen type IIA reactivity we used Vector SG substrate (Vectorlabs) to
detect peroxidase activity. In each experiment, either mouse or rabbit immu-
noglobulins were used at the same concentrations as the described primary
antibodies to eliminate any non-speciﬁc labeling in sections.
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ber of experimental values. All datasets were assessed for normal population
distribution using the ShapiroeWilk test, and homogeneity of variance using
Levene’s test. ANOVA was used to compare means of datasets that met all
the assumptions of this test, followed by post hoc pairwise comparisons
using the method of Bonferroni. In all cases P< 0.05 was considered statis-
tically signiﬁcant.Results
To determine the effect of H2O2 on chondrocyte cell
death, adult bovine cartilage explants were cultured for 7
days following a single treatment with 0.1, 0.5 and 1 mM
H2O2, either in standard serum-free medium or in standard
medium plus ITS. Using ethidium homodimer-1 as an indi-
cator of cell death we quantiﬁed the percentage cell death
at the center of treated explants. Ethidium homodimer-1
positive nuclei were localized at the surface zone of treated
explants, Fig. 1(A). Cell death increased in a dose-depen-
dent manner with increasing H2O2 concentration, Fig. 1(B),
for explants cultured either in standard medium (6.25
2.5%, 30.2 11.1% and 49.2 7.8%, respectively, n¼ 5)
or when supplemented by ITS (1.4 1.7%, 8.23 2.4%Fig. 1. Cell death in bovine articular cartilage explants following exposure t
used to identify dead cells in sections of explants following 7 days exposu
were counterstained using DAPI (bar: 100 mm). (B) Quantiﬁcation of perce
of H2O2 either in standard medium or standaand 15.4 1.4%, respectively, n¼ 5). We observed no
cell death in control explants cultured in standard medium
alone or when supplemented with ITS. Cell death in
explants cultured in ITS supplemented medium was
signiﬁcantly less than in non-supplemented medium
(P< 0.05), and this effect was observed over all the con-
centrations of H2O2 used. In order to limit the extent of
cell death, ITS was added to all medium preparations for
subsequent experiments.
Hydrogen peroxide treated explants expressed reactivity
to monoclonal antibody 3B3() that recognizes a non-
reducing terminal saturated glucuronic acid residue in
chondroitin sulfate glycosaminoglycans chains of PGs
expressed in osteoarthritic cartilage19. Immunoreactivity for
3B3() was ﬁrst observable after 7 days, but the ﬂuorescent
signal was weak. Following 14 days in culture post-
treatment we observed intense labeling for 3B3() in
explants exposed to a single treatment of 0.5 mM H2O2 in
ITS supplemented medium, Fig. 2(A). Labeling was local-
ized pericellularly in a small number of chondrocytes in the
superﬁcial and upper middle zones in treated cartilage.
There was no labeling with 3B3() in control untreated ex-
plants and although labeling was present in 1 mM treated
explants it was sporadic and in cells of the middle zone.o increasing concentrations of H2O2. (A) Ethidium homodimer-1 was
re to H2O2 in the presence of standard medium plus ITS. All nuclei
ntage cell death following 7-day culture in increasing concentrations
rd medium plus ITS (n¼ 5; P< 0.05).
Fig. 2. (A) immunoﬂuorescent detection of 3B3() reactivity in 14-day cartilage explants following a single treatment with increasing concen-
trations of H2O2. Most of the labeling was conﬁned to the pericellular and interritorial extracellular matrix of surface and upper middle zones of
the cartilage, labeling was highest in explants exposed to 0.5 mM H2O2. (B) 3B3() epitope expression over 21 days, 0.5 mM H2O2 treated
explants were removed at 7-day intervals and probed with antibody. (C) Quantiﬁcation of the sum of sGAG released into the culture medium
from 0 to 14 days normalized to the wet weight of explants (n¼ 3; P< 0.05).
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increased in a time-dependent manner over 21 days follow-
ing the initial treatment with 0.5 mM H2O2, Fig. 2(B). Sulfated
glycosaminoglycan loss from H2O2 treated explants in ITS
supplemented medium was investigated using the DMMB
assay, Fig. 2(C). Explants cultured in 0.5 mM H2O2 released
signiﬁcantly more sGAG into the culture medium over 0e14
days (28%) compared to control explants (1.8 0.03 vs
1.41 0.02 mg sGAG/mg cartilage, respectively, n¼ 3,
P< 0.05).Fig. 3. (A) QPCR gene expression analysis of iNOS mRNA levels in expla
14 days in standard medium plus ITS (n¼ 3; P< 0.05). (B) immunoﬂuores
treated with a single dose of 1 mM hydrogen peroxide and cultured for 14 d
pronounced cellular labeling than controls, especially in the deep zones
from three different donors (bar: upper paNitric oxide (NO) production is elevated in models of ex-
perimentally induced OA and increased NO production has
been correlated with increased cell death20,21. We con-
ducted QPCR analysis of iNOS gene expression levels in
explants cultured for 14 days post-treatment, Fig. 3(A).
We found a statistically signiﬁcant increase in iNOS expres-
sion in 0.5 mM and 1 mM H2O2 treated explants in compar-
ison with control and 0.1 mM treated explants (11.8 5.4
and 13.6 4.8 fold increase, respectively, n¼ 3, P< 0.05).
Nitrite levels in the cultured medium were determined andnts exposed to a single dose of 0.1e1.0 mM H2O2 and cultured for
cent detection of nitrotyrosine immunoreactivity in cartilage explants
ays. Treated explants were labeled along the surface and had more
. Representative images from experiments carried out on explants
nel 100 mm and lower panel 50 mm).
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no overall signiﬁcant difference between untreated and
treated explant values (data not shown). NO reacts with
superoxide to form peroxynitrite that can lead to nitration
of aromatic amino acid residues to form nitrotyrosine res-
idues, which remain stable for the lifetime of the protein.
In explants treated with 1 mM H2O2 we observed chon-
drocytes in the deep zone of treated explants were la-
beled (0.1 mM and 0.5 mM H2O2 treated explants
similarly labeled for nitrotyrosine but with decreased inten-
sity according to dose, data not shown), we also ob-
served characteristic labeling of the upper surface zone
extracellular matrix using anti-nitrotyrosine, Fig. 3(B). La-
beling of the surface zone and deep zone chondrocytes
was not present in control untreated explants, Fig. 3(B).
Collagen type II is expressed as two spliced forms, pro-
collagen types IIA and IIB. Type IIB is predominantly
synthesized by mature chondrocytes. Procollagen typeFig. 4. (A) Immunohistochemical detection of procollagen type IIA in contr
tured for 14 days (bar: 100 mm). Note the intense pericellular labeling for pr
to a single dose exposure of 0.5 mM H2O2. Representative images are s
(B) Graph of relative quantity of collagen type II mRNA expression in ex
compared to untreated explants as deterIIA contains an additional 69 amino acid cysteine-rich
domain in the amino-propeptide22 and is expressed in
pre-chondrogenic mesenchyme23 and by osteoarthritic
cartilage24. Using polyclonal antibodies speciﬁc for type
IIA propeptide we observed that explants cultured in ITS
supplemented medium and a single dose of 0.5 mM H2O2
displayed intense positive pericellular labeling in deep
zone chondrocytes especially those adjacent to the tide-
mark, Fig. 4(A). Weak labeling was present in 0.1 mM
and 1 mM H2O2 treated explants but at levels signiﬁcantly
less than in 0.5 mM H2O2 treated explants. No labeling
was present in control explants. In order to conﬁrm that
the appearance of collagen type IIA labeling was the result
of new expression of collagen type II we used RTQ-PCR to
determine relative message levels within untreated and
treated cartilage explants, Fig. 4(B). Our results show that
the relative message levels for collagen type II were in-
creased in explants exposed to 0.5 mM H2O2 (1.9 0.06ol, 0.1 mM, 0.5 mM and 1.0 mM H2O2 treated cartilage explants cul-
ocollagen type IIA in deep zone chondrocytes of explants subjected
hown from experiments using explants from three different donors.
plants treated with increasing concentrations of hydrogen peroxide
mined by QPCR (n¼ 3; P< 0.05).
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n¼ 3, P< 0.05).
Labeling for procollagen type IIA and 3B3() in age
matched diseased joints was predominately conﬁned to
areas that had mild lesions, Fig. 5. There was signiﬁcantly
less labeling with both antibodies in areas where there
was overt ﬁbrillation and chondrocyte clusters present.
We also quantitatively analyzed collagen type X and
matrilin-1 gene expression, both markers of epiphyseal
chondrocytes, to determine if they are expressed in oxida-
tively stressed articular cartilage, Fig. 6. Our data showed
no statistical signiﬁcant increase in collagen type X expres-
sion in treated explants. Gene expression that was present
was due to the small amount of calciﬁed cartilage that was
attached to all explants removed from the joint. Matrilin-1
gene expression increased dose-dependently up to 26-
fold higher than in control untreated explants (1 1.2 vs
26 10.6 fold induction for untreated and 1 mM H2O2
treated explants, respectively; P< 0.05).Discussion
Oxidative stress is imposed onto cells as a result of one
of three factors; increased oxidant generation, decreased
antioxidant protection, or, failure to repair oxidative damage.Fig. 5. Immunolocalisation of 3B3() epitopes and procollagen type IIA p
oarthritic cartilage, modiﬁed Mankin scores 4 and 9e12, respectively, was
in this study. Serial sections were probed with polyclonal rabbit anti-collag
conjugated or peroxidase-conjugated secondary antibodies. The white
clusters of cells at the surface. Nuclei were counteIn the current study we used H2O2 to simulate the effects of
unregulated oxidant generation in order to characterize the
reactions of chondrocytes embedded in their native extra-
cellular matrix.
Chondrocyte cell death increased dose-dependently with
increasing H2O2 concentration but was signiﬁcantly re-
duced by supplementation of the medium with insuline
transferrineselenium. Selenium has an inhibitory effect on
caspase-3-like protease activity25, also, selenium supple-
mentation restores the anti-oxidative capacity of cells as
critical antioxidant enzymes such as glutathione peroxidase
are selenium-dependent. Insulin has pleiotropic anabolic ef-
fects on mammalian cells, and in addition to binding its cog-
nate receptor it can also bind and activate with
approximately 100 times lower afﬁnity the insulin-like growth
factor-1 (IGF-1) receptor26, and it has been shown that appli-
cation of IGF-1 to chondrocytes inmonolayer inhibits collage-
nase-induced apoptosis in monolayer27. Previous studies of
the effects of H2O2 on chondrocytes grown in monolayer in
the presence of serum describe cell death in the range 30%
(0.3 mM H2O2) to 60% (0.5 mM)
10,28, thus our ﬁgures of ap-
proximately 1% (0.1 mM) and 8% (0.5 mM) chondrocyte
cell death in situ represent a more realistic approximation fol-
lowing exposure to high levels of oxidative stress.
The 3B3() epitope is a sensitive marker of developing
disease, the antibody labels matrix in the superﬁcial andropeptide in osteoarthritic bovine cartilage. Mild and severely oste-
obtained from aged matched animals to other bovine material used
en type IIA, mouse anti-3B3() and detected using either ﬂuorscein-
arrows denote the surface of the cartilage; block arrows highlight
rstained with propidium iodide (bar: 100 mm).
Fig. 6. QPCR gene expression analysis of collagen type X and
matrilin-1 in oxidatively stressed cartilage explants. (A) There was
no increase in collagen type X expression between untreated and
treated samples (n¼ 4), any gene expression that was present
was due to chondrocytes within the calciﬁed layer, a small amount
of which was carried over in the process of removing the explants
from the joint. (B) Matrilin-1 expression increased in a dose-
dependent manner following a single dose of increasing concentra-
tions of hydrogen peroxide, we observed a 26-fold increase in
expression (n¼ 4; P< 0.05) in explants exposed to 1 mM hydrogen
peroxide and cultured for 14 days post-treatment.
705Osteoarthritis and Cartilage Vol. 16, No. 6upper middle zones in histological intact but mildly lesional
cartilage in an experimental model of canine OA19,29,30.
3B3() epitopes are not present in the extracellular matrix
of healthy adult articular cartilage. Our study shows that
3B3() bearing epitopes are weakly expressed 7 days after
oxidative insult, the epitopes progressively increase in fre-
quency and expand to occupy the territorial extracellular
matrix within the superﬁcial and upper middle zones of artic-
ular cartilage. The 3B3() epitope was also expressed
within the superﬁcial and mid zones in mildly affected bo-
vine osteoarthritic tissue, and labeling was diminished in se-
vere osteoarthritic lesions. Variations in chondroitin sulfate
side-chains of PGs have physiological relevance, though
structureefunction relationships remain relatively unex-
plored. For example, ﬁbroblast growth factor-2 enhances
the mitogenic and subsequent differentiation potentials of
osteoprogenitor cells, and surprisingly, chondroitin sulfate
rather than heparan sulfate containing glycosaminoglycans
is responsible for stimulating this response31. In mildly oste-
oarthritic lesions the zone of cellular proliferation lies imme-
diately above 3B3() labeling chondrocytes, therefore, one
possible function, though unproved, is that 3B3() nativechondroitin sulfate epitopes may serve to stimulate growth
factor mediated responses. 3B3() is also expressed by
chondrocytes during the process of endochondral ossiﬁca-
tion, where they localize to hypertrophic chondrocytes and
it is thought that they enhance the phenotypic maturation
of these cells32. Therefore, an alternative function could
be that 3B3() containing glycosaminoglycans stabilizes
the phenotype of chondrocytes adjacent to dead cells again
via growth factor stimulation. The steady state loss of
sGAGs from 0.5 mM H2O2 stressed cartilage explants
was signiﬁcantly increased compared to control explants,
loss of sGAGs into the culture medium from 1 mM H2O2
treated cartilage did not follow a dose response and was
decreased in comparison. This could be due to increased
cell death and toxicity in surface zone chondrocytes sup-
pressing active matrix turnover, and accounting for the
lack of 3B3() labeling in these explants.
Procollagen type IIA is normally expressed by condens-
ing pre-chondrogenic mesenchyme of developing limbs
and in the pre-hypertrophic zone during the process of en-
dochondral bone formation. While not present in normal
adult articular cartilage procollagen type IIA is expressed
in articular cartilage during OA33,34. The identiﬁcation of pro-
collagen type IIA expression in oxidatively stressed carti-
lage is important in that the localization of the response to
deep zone cells adjacent to calciﬁed cartilage indicates
that these articular chondrocytes generally regarded as irre-
versibly differentiated in situ may yet retain the potential to
alter their phenotype. Encroachment of the zone of calciﬁed
cartilage, visible as duplications and discontinuities, occurs
frequently in OA35, thus the observation that articular chon-
drocytes at the intercartilagenous junction may be pheno-
typically modiﬁed is signiﬁcant.
The presence of nitrotyrosine residues in human articular
cartilage is suggestive of the role of oxidative damage in
aging the development of OA36. Loeser and colleagues
described the presence of nitrotyrosine residues in the
surface zone of aged and OA cartilages appearing as thin
line at the boundary of the tissue and we also observed sim-
ilar patterns of labeling in oxidatively stressed cartilage34.
We did not observe an increase in nitrite levels in the culture
medium; the logical conclusion would be that some of the
NO released following increased transcription of iNOS is
held within the tissue in the form of nitrotyrosine covalently
attached to proteins, further analysis will be required to con-
ﬁrm this. It is known that selective inhibition of iNOS retards
the progression of experimental OA21 but that also NO has
a high afﬁnity for ROS and under certain circumstances can
act as an antioxidant28,37. In articular chondrocytes grown in
monolayer, hydrogen peroxide has also been shown to in-
duce iNOS expression, and inhibition of iNOS expression
using speciﬁc inhibitors increases cell death and inhibits
PG synthesis indicating that NO may have a short term pro-
tective role following oxidant induced injury28.
Collagen type X is a late differentiation marker for epiph-
yseal chondrocytes, speciﬁcally hypertrophic chondrocytes
at sites of endochondral ossiﬁcation and is expressed by ar-
ticular chondrocytes in human OA38 and in experimental
models of OA39. We found no evidence for hydrogen perox-
ide activating expression of collagen type X gene expres-
sion in bovine cartilage explants. However, matrilin-1
expression was elevated in a dose-dependent manner in
oxidatively stressed articular chondrocytes following 2
weeks in culture. Matrilin-1 has been shown through lineage
tracing experiments in embryonic mice to be expressed by
epiphyseal chondrocytes in the cartilage analagen but not
by those chondrocytes that go on to form permanent
706 I. M. Khan et al.: Oxidative stress in adult cartilagecartilage. A small percentage, less than 5%, of adult human
articular chondrocytes do express matrilin-1 but this in-
creases to more than 40% in OA tissue40. Additionally,
work with guinea pigs displaying idiopathic OA has shown
that initiation of matrilin-1 expression occurs prior to any
histological changes41.
It is thought that oxidatively stressed chondrocytes un-
dergo replicative senescence or accelerated aging as char-
acterized by telomeric instability and downregulation of
chondrocyte function42. Additionally it is known that aged
cartilage presents biochemical proﬁles closer to that of os-
teoarthritic than younger tissue43. Therefore one potential
mechanism for initiation of disease is conjectured to be
stress-induced senescence. However, our studies have
shown that there can be considerable biosynthetic activity
in oxidatively stressed cartilage, exempliﬁed by production
of 3B3() bearing glycosaminoglycan PGs and collagen
biosynthesis, although it is known that senescent cells de-
spite being subject to growth arrest can adopt a wound
healing phenotype44.
Whilst there are parallels with the expression of 3B3()
epitope and procollagen type IIA in diseased tissue, oxida-
tively stressed and osteoarthritic cartilages are fundamen-
tally different in structure, composition and chondrocyte
conﬁguration. Traumatic injury to articular cartilage may
dispose it to secondary osteoarthroses, and therefore,
oxidative stress may shed light on some of the factors that in-
ﬂuence how cartilage undergoes repair leading to recovery,
or, irreversible decline in function. On the basis of our obser-
vations, following experimental oxidative stress chondro-
cytes in situ undergo a biosynthetic response that is slow
and progressive and involves phenotypic modulation of res-
ident cells that may facilitate remodeling and repair of the tis-
sue. Longer-term studies could resolve whether 3B3()
epitope and procollagen type IIA expression is transitory
and test whether growth factor stimulation of oxidatively
stressed cartilage induces zonal cellular proliferation.Conﬂict of interest
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